Introduction
============

Membrane proteins are crucial cellular components, responsible for a range of key biological functions including inter- and intra-cellular material transfer and signal transduction. More than 50% of all clinical drug molecules target membrane proteins and thus their structure and function are main foci of the pharmaceutical industry.^[@cit1]^ Our understanding of membrane protein structure and function, however, is hampered by difficulties associated with handling these bio-macromolecules.^[@cit2]^ Most membrane proteins are not soluble in aqueous solutions because they have large hydrophobic surfaces when properly folded; therefore, detergents are required to extract membrane proteins from the membranes and to maintain them in their native state in non-native environments. Conventional detergents such as *n*-dodecyl-β-[d]{.smallcaps}-maltoside (DDM), lauryldimethylamine-*N*-oxide (LDAO) and *n*-octyl-β-[d]{.smallcaps}-glucoside (OG) are widely used for membrane protein study, but many membrane proteins tend to denature/aggregate even when solubilized with these agents,^[@cit3],[@cit4]^ making it difficult to conduct functional studies, spectroscopic analysis or crystallization trials.

Because of the suboptimal behavior of conventional detergents, there is a persistent demand for new amphiphilic "assistants" with enhanced membrane protein solubilization and stabilization characteristics. Recent representatives include β-peptides (BPs),^[@cit5]^ facial amphiphiles (FAs),^[@cit6]^ the neopentyl-glycol (NG) amphiphiles^[@cit7]^ (glucose neopentyl-glycols (GNGs), maltose neopentyl-glycols (MNGs), and neopentyl glycol triglucosides (NDTs)) and penta-saccharide amphiphiles (PSEs).^[@cit8]^ Note that the NG class has contributed to crystal structure determination of ∼25 membrane proteins including the β~2~ adrenergic, acetylcholine and opioid receptors in the last few years.^[@cit9]^ Despite considerable progress in the development of novel amphiphiles, more are still required, because many membrane proteins, particularly eukaryotic ones, are currently refractory to structural determination. Furthermore, no systematic study has been reported for the stereo-chemical effect of detergent on membrane protein stability. In this study, we designed and prepared three alkyl chain variants for three stereo-isomers (α, β and meso) of butane-1,2,3,4-tetraol-based maltosides (BTMs), designated A-, B- and M-BTMs, respectively ([Fig. 1](#fig1){ref-type="fig"}). In spite of the common head and tail groups, these stereoisomers showed distinct behaviors with target membrane proteins depending on their stereochemistry. In addition, we found that a C11 alkyl chain detergent (M-BTM-C11) was significantly superior to DDM for all the four membrane proteins targeted in this study.

![Chemical structures of newly prepared BTMs (middle-right) and their Newman projections (extreme right). B- and A-BTMs were derived from *E*-but-2-ene-1,4-diol while M-BTMs were derived from *Z*-but-2-ene-1,4-diols (extreme left). The Sharpless asymmetric dihydroxylation was used for facial diol generation (middle left). *R* or *S* designation was used to specify the stereochemistry of the two chiral carbons (C2 and C3) (middle right). The Newman projections for individual isomers include the two dihedral angles between the two hydrophobic arms and between the two hydrophilic groups (designated *X* and *Y*, respectively) along with their relative motions induced in an aqueous medium. The reduction in the *X* dihedral angle (indicated by red arrows) will increase the dihedral angle *Y* (indicated by purple arrows) for the A-/B-isomers, but will decrease the *Y* dihedral angle for the M-isomer.](c6sc02981g-f1){#fig1}

Results and discussion
======================

Detergent structures and physical characterizations
---------------------------------------------------

The architectures of the BTMs vary in terms of the stereochemistry in the linker region ([Fig. 1](#fig1){ref-type="fig"}). The design of the novel agents features two alkyl chains and two dimaltoside headgroups, connected by a butane-1,2,3,4-tetraol (BT) linker. The presence of two chiral centers in the BT linker (C2 and C3) allowed us to synthesize three BTM stereoisomers (A-BTMs, B-BTMs and M-BTMs). The BT linker of the A-isomers contains chiral centers with a 2*S* and 3*S* configuration while that of the B-isomer contains a 2*R* and 3*R* configuration. Thus, the non-carbohydrate regions of these agents (A-/B-BTMs) are mirror images and are thus enantiomers of each other. In contrast, the BT linker with a 2*R* and 3*S* (or 2*S* and 3*R*) configuration was used for preparation of the M-isomers. This results in a diastereomeric relationship between the non-carbohydrate regions of the M-isomer and A-/B-isomers. Note that the non-sugar units of the M-isomers are meso compounds due to the presence of a symmetry plane ([Fig. 1](#fig1){ref-type="fig"}). As each non-carbohydrate region of the A-/B-/M-BTMs was connected with two maltoside headgroups *via* a stereospecific β-glycosidic linkage, however, all these agents are diastereomers to each other, with different relative directions of the tail and head groups. Additionally, the carbon chain length varied from C9 to C11 in each set of BTMs and was used for detergent designation. The A- and B-isomers were prepared through introduction of two hydroxyl groups into the α and β faces of (*E*)-but-2-ene-1,4-diol derivatives, respectively ([Fig. 1](#fig1){ref-type="fig"}). High stereo-specificity for this reaction was achieved by the well-known Sharpless asymmetric dihydroxylation.^[@cit10]^ In contrast, the M-isomers were derived from (*Z*)-but-2-ene-1,4-diol through *syn*-dihydroxylation using OsO~4~ (see ESI[†](#fn1){ref-type="fn"} for details). The M-BTMs possess synthetic advantages over the other isomers as they could be prepared in four high-yielding synthetic steps, making them highly accessible. In contrast, large scale manufacture of the other two isomers (A-/B-isomers) requires more effort and cost mainly as a result of the introduction of chirality at the C2/C3 carbons; the expensive AD-mix-α/β reagents need to be used for the Sharpless asymmetric dihydroxylation process that takes five days to complete (see ESI[†](#fn1){ref-type="fn"} for details). A synthetic protocol comprising four steps gave overall yields of 50--60%. The high diastereomeric purity of the different isomers was confirmed by their individual ^1^H NMR spectra ([Fig. 2](#fig2){ref-type="fig"} and S1[†](#fn1){ref-type="fn"}). Protons of the A- and B-isomers of BTM-C9 attached to the anomeric carbon (C1), designated *H* ~a~, gave rise to ^1^H NMR peaks at 4.53 and 4.46 ppm as doublets while those of the M-isomer gave two separated peaks centered at 4.48 and 4.54 ppm as doublets. In addition, the coupling constants (^3^ *J*) for the anomeric protons (*H* ~a~) of all the isomers were 8.0 Hz, typical of a β-anomer, demonstrating successful formation of β-linkage in the glycosylation step. Note that α-glycosidic bond formation will produce a peak downfield shifted to around 5.14 ppm with a much smaller coupling constant (^3^ *J* = 4.0 Hz) for the anomeric proton, as observed for another proton (*H* ~e~) attached to the anomeric carbon (C1′) of all the BTM isomers ([Fig. 2](#fig2){ref-type="fig"}).

![Anomeric region of the ^1^H NMR spectra for the three BTM-C9 isomers showing their high diastereomeric purity (see Fig. S1[†](#fn1){ref-type="fn"} for the full range of ^1^H NMR spectra). Each isomer gave unique spectral features in the anomeric region, indicative of the clear differentiation of the individual isomers by their ^1^H NMR spectra. Vicinal coupling constants (^3^ *J* ~aa~ & ^3^ *J* ~ae~) are indicated above individual peaks to allow differentiation of the α- and β-anomeric protons (*H* ~e~ and *H* ~a~, respectively, in blue). The chemical structure of the maltoside head group is shown at the top right corner to illustrate the anomeric protons of interest.](c6sc02981g-f2){#fig2}

All new agents were water-soluble up to 20 wt% except the BTM-C11s, for which a brief sonication was required to generate clear aqueous solutions of ∼10%. Since we anticipated that any BTM-C12 would exhibit even lower solubility we did not prepare these versions of the amphiphiles. Critical micelle concentrations (CMCs) were estimated by monitoring encapsulation of the fluorescent probe (diphenylhexatriene (DPH))^[@cit11]^ with increasing detergent concentration and the hydrodynamic radii (*R* ~h~) of the micelles determined *via* dynamic light scattering (DLS). [Table 1](#tab1){ref-type="table"} shows the summarized data for the BTMs along with DDM. The CMC values of all BTMs (from 0.006 to 0.023 mM) turned out to be much smaller than that of DDM (0.17 mM), indicating a stronger tendency to form self-assemblies than DDM. The CMC values of the new agents decreased with increasing alkyl chain length from C9 to C11 irrespective of chirality variation in the linker region. This is likely due to the increased hydrophobicity resulting from the alkyl-chain extension. Notably, the M-isomers gave the lowest CMC values of the three BTM stereoisomers, followed by the A-isomers. For instance, the CMC value of M-BTM-C9 is ∼0.017 mM compared to ∼0.021 and ∼0.023 mM for A- and B-BTM-C9, respectively. As these three stereoisomers have the same tail and head groups (*i.e.* the same hydrophobicity and hydrophilicity), this result implies a different tendency to self-aggregate depending on the stereochemistry.^[@cit12]^ The M-isomers have the strongest self-aggregation tendency, followed by the A- and B-isomers. The sizes of micelles formed by the BTMs tend to increase with increasing alkyl chain length. For instance, detergent micelle size increased from 3.2 to 3.5 to 4.7 nm with alkyl chain lengths of C9, C10, and C11, respectively, for the M-isomers. Note that small differences in micelle size were observed between the equivalent A- and B-isomers, which could be attributed to the enantiomeric relationship between their hydrophobic groups ([Fig. 1](#fig1){ref-type="fig"}). In contrast, the M-isomers tend to form substantially larger micelles than the other stereoisomers.

###### Molecular weights (MWs) and critical micelle concentrations (CMCs) of BTMs and a conventional detergent (DDM) and hydrodynamic radii (*R* ~h~; *n* = 4) of their micelles

  Detergent   MW[^*a*^](#tab1fna){ref-type="table-fn"}   CMC (mM)   CMC (wt%)   *R* ~h~ [^*b*^](#tab1fnb){ref-type="table-fn"} (nm)
  ----------- ------------------------------------------ ---------- ----------- -----------------------------------------------------
  B-BTM-C9    1023.2                                     ∼0.023     ∼0.0023     2.9 ± 0.04
  A-BTM-C9    1023.2                                     ∼0.021     ∼0.0022     2.9 ± 0.04
  M-BTM-C9    1023.2                                     ∼0.017     ∼0.0017     3.2 ± 0.05
  B-BTM-C10   1051.2                                     ∼0.013     ∼0.0014     3.1 ± 0.07
  A-BTM-C10   1051.2                                     ∼0.011     ∼0.0012     3.2 ± 0.07
  M-BTM-C10   1051.2                                     ∼0.008     ∼0.0009     3.5 ± 0.07
  B-BTM-C11   1079.3                                     ∼0.008     ∼0.0009     3.5 ± 0.08
  A-BTM-C11   1079.3                                     ∼0.007     ∼0.0008     3.5 ± 0.03
  M-BTM-C11   1079.3                                     ∼0.006     ∼0.0006     4.7 ± 0.27
  DDM         510.1                                      ∼0.17      ∼0.0087     3.4 ± 0.03

^*a*^Molecular weight of detergents.

^*b*^Hydrodynamic radius of detergents measured at 1.0 wt% using dynamic light scattering.

The distinct characteristics of the M-isomers compared to the A- and B-isomers (small CMC values and large micelle formation) could be due to the isomeric variation in molecular conformation adopted in an aqueous medium. In a gaseous state, each molecule would adopt an approximately staggered conformation, forming dihedral angles between the alkyl chains and between the maltoside headgroups (designated *X* and *Y*, respectively, [Fig. 1](#fig1){ref-type="fig"}) of ∼60°. Because of the hydrophobic effect, however, an aqueous environment would force the two alkyl chains of each isomer to come together, resulting in a decrease in the dihedral angle (*X*) between the two alkyl chains and accordingly an increase in torsional/steric strain in the molecule. Thus, the two alkyl chains of the detergent molecules dissolved in an aqueous solution will adopt a compromise position between these two opposite forces, resulting in a dihedral angle (*X*) less than 60°. Interestingly, depending on the stereochemistry of the isomers (A-/B-/M-isomers), the reduced dihedral angle (*X*) gives rise to different outcomes in the relative orientation of the two maltoside headgroups ([Fig. 1](#fig1){ref-type="fig"}). Specifically, the reduction in the *X* dihedral angle will decrease the dihedral angle (*Y*) between the two headgroups in the M-isomers, but will increase *Y* for the A-/B-isomers. As a result, the M-isomers will adopt a conformation with relatively small dihedral angles of both *X* and *Y*, giving small hydrophobic as well as hydrophilic volumes relative to the other isomers. This unique feature of the M-isomers appeared to generate more effective micellar packing than the A- and B-isomers with relatively large hydrophilic volumes, consistent with the relatively small CMC values observed for the M-isomers. In addition, the M-isomers are likely to have geometry closer to a cylindrical shape than the A- and B-isomers for the same reason, and this is probably responsible for the relatively large micelles formed by these isomers. When an energy-minimized conformation of each isomer was calculated using density functional theory (DFT) at the level of B3LYP/6-31G\*, the *Y* dihedral angle was smallest for the M-isomer (Fig. S2[†](#fn1){ref-type="fn"}); in this calculation, both dihedral angles of *X* and *Y* were smaller than 60° for the M-isomer while the *X* dihedral angles were smaller than 60°, but the *Y* dihedral angles were larger than 60° for the A- and B-isomers. These findings are supportive of our hypothesis on the relative motions of the alkyl chain and the hydrophilic groups in an aqueous solution. Finally, when we investigated the size distribution for micelles formed by the BTMs *via* DLS, all isomers showed only one population of micelles, as does DDM (Fig. S3[†](#fn1){ref-type="fn"}).

Detergent evaluation with membrane proteins
-------------------------------------------

To assess the potential utility of new amphiphiles as tools for membrane protein study, multiple protein systems must be examined. We used DDM as a benchmark for conventional detergent performance in each case, because this agent is probably the most commonly employed detergent in current membrane protein research.^[@cit13]^ As a start, the new amphiphiles were evaluated for their ability to maintain the native state of a protein transporter, UapA: a uric acid--xanthine/H^+^ symporter from *Aspergillus nidulans*.^[@cit14]^ After protein extraction from the membranes using 1.0 wt% DDM, the thermostability of UapA was assessed through fluorescence size exclusion chromatography (FSEC)^[@cit15]^ following heat treatment at 40 °C for 10 min. As can be seen in [Fig. 3a](#fig3){ref-type="fig"}, DDM-solubilized UapA yielded a monodispersed peak of relatively high intensity (∼40 fraction number), indicating that this agent maintains the protein in a stable state. When A-BTM-C11 and B-BTM-C11 were used for this experiment, however, these agents resulted in a substantial reduction in size of the monodisperse protein peak compared to DDM. Thus, a significant portion of the transporter solubilized in these agents had aggregated/denatured. In contrast, M-BTM-C11-stabilized UapA showed a marked increase in the recovery of the monodispersed peak compared to DDM and the other isomers. In addition, the monodisperse peak was noticeably narrower, indicating that the M-isomer is superior to the other isomers and even better than DDM at preserving protein integrity ([Fig. 3a](#fig3){ref-type="fig"}). The C9 and C10 versions of the M-isomer were markedly worse than DDM ([Fig. 3b](#fig3){ref-type="fig"}), but these isomers were still consistently better than all the A-/B-isomers regardless of chain length (Fig. S4[†](#fn1){ref-type="fn"}). Collectively, the M-isomers were superior to the A- and B-isomers at maintaining the UapA in a stable state in solution, with M-BTM-C11 additionally better than DDM.

![Thermo-stability of UapA solubilized in (a) BTM-C11 isomers (A-BTM-C11, B-BTM-C11 and M-BTM-C11) and (b) M-isomers with different alkyl chain length (M-BTM-C9, M-BTM-C10, and M-BTM-C11). A conventional detergent (DDM) was used as a positive control. Protein stability was accessed *via* fluorescence size exclusion chromatography (FSEC) after heating the samples for 10 min at 40 °C. The data is representative of two independent experiments.](c6sc02981g-f3){#fig3}

These BTM agents were also evaluated with the bacterial leucine transporter (LeuT) from *Aquifex aeolicus*.^[@cit16],[@cit17]^ The transporter was initially extracted with 1.0 wt% DDM and purified in 0.05 wt% of the same detergent. DDM-purified LeuT was diluted into buffer solutions containing individual BTMs or DDM to reach a final detergent concentration of CMC + 0.04 wt%. We monitored protein activity at regular intervals by measuring radiolabeled substrate (\[^3^H\]-Leu) binding *via* a scintillation proximity assay (SPA)^[@cit18]^ during a 12 day incubation at room temperature. As can be seen in [Fig. 4a](#fig4){ref-type="fig"}, all BTM-C10 isomers were markedly superior to DDM. When the detergent concentration was increased to CMC + 0.2 wt%, differences in detergent efficacy between BTM-C11s and DDM were more evident ([Fig. 4b](#fig4){ref-type="fig"}). Remarkably, all BTM-C10s fully retained the transporter activity during 12 day incubation even at the higher detergent concentration. This is in stark contrast with the more progressive degradation observed for the DDM-solubilized transporter with increasing detergent concentration. However, no clear difference between the isomers was observed in maintaining transporter activity. When the alkyl chain length was increased to C11 or decreased to C9, all the BTMs (BTM-C11s and BTM-C9s) were inferior to the C10 versions of the BTMs, indicating that the BTM architecture with the C10 alkyl chain length is optimal for LeuT stability. However, all BTM isomers with C9 or C11 alkyl chains were found to be still better than DDM, particularly at the higher detergent concentration of CMC + 0.2 wt% (Fig. S5 and S6[†](#fn1){ref-type="fn"}). This result suggests that the overall BTM architecture is favorable for LeuT stability. It is noteworthy that, similar to the C10 isomers, all BTM-C9 or BTM-C11 stereoisomers displayed very similar behavior with respective to LeuT activity. This indicates that, in contrast to UapA, for LeuT there is little effect of the stereo-chemical differences of the BTM isomers on LeuT stability.

![Long-term stability of LeuT solubilized in BTM-C10 isomers or DDM at the two detergent concentrations: (a) CMC + 0.04 wt% and (b) CMC + 0.2 wt%. The ligand binding activity of the transporter was measured using a radio-labeled substrate (\[^3^H\]-Leu) at regular intervals during a 12 day incubation at room temperature. LeuT activity was measured *via* scintillation proximity assay (SPA). Error bars, SEM, *n* = 3.](c6sc02981g-f4){#fig4}

We next turned to a G protein-coupled receptor (GPCR),^[@cit19]^ the human β~2~ adrenergic receptor (β~2~AR), to further evaluate the novel agents. For this experiment, the receptor was extracted from the membranes using DDM and purified in the same detergent. The DDM-purified receptor was diluted in buffer solutions containing either the individual BTMs without cholesteryl hemisuccinate (CHS) or DDM with CHS. The final detergent concentration was CMC + 0.2 wt%. Ligand binding activity of the receptor was assessed using the antagonist (\[^3^H\]-dihydroalprenolol (DHA)).^[@cit20]--[@cit22]^ All C10 versions of the BTMs were inferior to DDM at maintaining the ligand binding activity of the receptor ([Fig. 5a](#fig5){ref-type="fig"}). In this evaluation, the A- and M-isomers showed a similar efficacy, and these isomers were both better than the B-isomer. A similar trend was observed in efficacy order for the C11 versions of the BTMs; the A- and M-isomers were comparable to each other, and better than the B-isomer ([Fig. 5b](#fig5){ref-type="fig"}). Note that overall detergent efficacy was significantly enhanced by increasing the alkyl chain length from C10 to C11, reaching a level of receptor activity comparable to that with DDM. The slight decrease in receptor activity observed here for either A-BTM-C11 or M-BTM-C11 relative to DDM is likely attributed to the absence of CHS, known to considerably enhance the stability of GPCRs.^[@cit23]^ In order to further differentiate detergent efficacy, the ligand binding activity of the receptor solubilized in A-BTM-C11, M-BTM-C11 and DDM was monitored at regular intervals over a three-day incubation at room temperature. The DDM-solubilized receptor showed high initial activity, but rapidly lost its activity, giving only ∼10% residual activity at the end of the three-day incubation ([Fig. 5c](#fig5){ref-type="fig"}). In contrast, the M-BTM-C11-solubilized receptor showed initial activity nearly comparable to that of the DDM-solubilized receptor, and maintained ∼70% of the initial activity even at the end of the three-day incubation ([Fig. 5c](#fig5){ref-type="fig"}). Note that M-BTM-C11 was significantly more effective than DDM at stabilizing the receptor even in the absence of CHS. A-BTM-C11-solubilized receptor showed an initial activity a little lower than that with DDM and gave a gradual loss in receptor activity over time. Thus, overall detergent efficacy order for receptor stability is M-BTMs \> A-BTMs \> B-BTMs, which is more or less consistent with the results obtained for UapA.

![Ligand binding activity of β~2~AR solubilized in (a) BTM-C10 isomers and (b) BTM-C11 isomers. DDM was used as a positive control. DDM-purified receptor was diluted into buffer solutions containing individual BTMs or DDM/CHS to reach the final detergent concentration of CMC + 0.2 wt%. The ligand binding activity of the transporter was measured using radio-labelled ligands (\[^3^H\]-dihydroalprenolol (DHA)). (c) Long-term stability of β~2~AR solubilized in BTM-C11 isomers or DDM/CHS. The activity of the transporter was measured at regular intervals during a 3 day incubation at room temperature. N. S. indicates non-specific binding. Error bars, SEM, *n* = 3.](c6sc02981g-f5){#fig5}

The intriguing results of BTM-C11s with UapA, LeuT and β~2~AR encouraged us to evaluate these agents with *Salmonella typhimurium* melibiose permease (MelB~St~).^[@cit24]^ For protein extraction, *E. coli* membranes containing MelB~St~ were treated with 1.5 wt% of A-, B- or M-BTM-C11s for 90 min at 0 °C. As seen in [Fig. 6a and b](#fig6){ref-type="fig"}, DDM yielded almost quantitative solubilization of MelB~St~ under these conditions. The three BTM isomers yielded similar amounts of soluble protein to each other, but were slightly less efficient than DDM at solubilizing the protein from the membranes at this low temperature. In order to investigate detergent efficacy for protein stability at elevated temperature, MelB~St~ solubilization experiments were carried out at 45 °C. All the BTM isomers efficiently extracted MelB~St~ and retained MelB~St~ solubility to a similar level to DDM ([Fig. 6b](#fig6){ref-type="fig"}). Note that the M-isomer appeared to be best among the stereo-isomers at this temperature. A more significant difference between the M-isomer and A-/B-isomers was observed when the incubation temperature was further increased to 55 °C. At this high temperature, M-BTM-C11-solubilized MelB~St~ retained its full solubility while the A- and B-isomer showed a marked decrease in the amount of soluble protein ([Fig. 6b](#fig6){ref-type="fig"}). DDM was much less effective in this regard under the same conditions. The superiority of the M-isomer to DDM and the other two isomers was further confirmed by MelB~St~ solubilization at 65 °C; only the M-isomer produced a detectable amount of soluble MelB~St~.

![Thermostability of MelB~St~ solubilized in three BTM-C11 stereoisomers (A-BTM-C11, B-BTM-C11 and M-BTM-C11) or DDM. MelB~St~ was extracted from *E. coli* membranes using 1.5 wt% individual detergents for 90 min at 0, 45, 55 or 65 °C. Following ultracentrifugation to remove insoluble protein and cellular debris, the soluble MelB~St~ was separated by SDS-PAGE and visualized by Western blot (a). The amount of soluble MelB~St~ was expressed as percentage of total MelB~St~ in the untreated membrane (Memb) and presented as a histogram (b). Error bars, SEM, *n* = 2.](c6sc02981g-f6){#fig6}

Here we made efforts not only to develop a novel class of amphiphiles for membrane protein study, but also to explore the effect of detergent stereo-isomerism on stabilization of a number of membrane proteins. The new agents (BTMs), particularly BTM-C11s, displayed significantly enhanced behavior toward the solubilization and stabilization of multiple membrane proteins compared to the most representative conventional detergent (DDM). Furthermore, significant differences were observed in detergent efficacy for both UapA and β~2~AR stability as well as MelB~St~ solubility, depending on the detergent stereochemistry (efficacy differences between the stereoisomers was minimal for LeuT stability). Of the isomers, the M-BTMs displayed generally the most favorable behavior, followed by the A-BTMs and B-BTMs. The efficacy differences between the A- and B-isomers were relatively small for most target membrane proteins (*e.g.*, UapA and MelB~St~) while the differences were rather substantial for β~2~AR. However, the M-isomers are significantly better than the other isomers at stabilizing these membrane proteins despite the fact that these agents have the same head and tail groups. The effects of the stereo-chemical differences of these BTM isomers could be interpreted by considering two kinds of molecular interaction involved in membrane protein stability: protein--detergent and detergent--detergent interactions. In view of protein--detergent interactions, a target protein could more favorably interact with one stereoisomer than the others because of the presence of inherent chirality in the protein architecture. In this type of interaction, detergent hydrophobic groups interact directly with the hydrophobic surfaces of membrane proteins and thus chirality in this group is important in determining stereo-chemical outcomes. Note that the non-carbohydrate regions of the A- and B-isomers including the hydrophobic alkyl chains are mirror images of each other (enantiomers) but are non-mirror image stereoisomers (diastereomers) with the non-carbohydrate regions of the M-isomers ([Fig. 1](#fig1){ref-type="fig"}). Thus, it is likely that the M-isomer gives distinct micellar properties from the other isomers as indicated by the CMCs and micelle sizes ([Table 1](#tab1){ref-type="table"}). Resultantly, the M-isomers are likely to have detergent efficacies distinct from the other isomers, as was observed for UapA, β~2~AR and MelB~St~. Although the protein--detergent interaction plays a role in discriminating stereo-isomeric detergent efficacy, this could be a minor contribution to the overall efficacy difference between the BTM isomers observed in this study. This is due to the fact that the chiral centers (C2 and C3) of the BTM isomers are quite distant from the alkyl tips which closely interact with the protein surfaces. In addition, because of the irregular shape of the protein surfaces, any favorable detergent interactions with certain regions of a protein surface could be counterbalanced by unfavorable detergent interactions with other regions of the protein surface. Thus, a collective difference between the stereoisomers could be minimal as observed in the comparison of the A- and B-isomers with most of the target membrane proteins (UapA, LeuT and MelB~St~). A more important factor for detergent efficacy differentiation seemingly originates from detergent--detergent interaction, given that detergent molecules interact with each other around membrane proteins through the micellar arrangement. Favorable detergent--detergent interaction will generate tightly packed detergent micelles, positively associated with micellar stability as well as membrane protein stability. Detergent CMC value may correlate with micellar stability since favorable detergent--detergent interaction would result in a high propensity to self-assemble. In the current study, the M-isomers gave lower CMC values than the other isomers, thus forming more stable micelles. This could contribute to the superior ability of the M-isomer to stabilize three target membrane proteins (UapA, β~2~AR and MelB~St~) compared to the other isomers. At this point, it is unclear why we could not observe any detergent efficacy difference between the stereo-isomers for LeuT.

Over more than two decades, there has been substantial interest in developing novel detergents for membrane protein study, but, in almost every case, an achiral hydrophobic group was connected to a polar head group (*e.g.*, glucose, maltose, or *N*-oxide).^[@cit7],[@cit12],[@cit25]^ In contrast, the FAs^[@cit6]^ and GDN^[@cit26]^ contain multiple chiral centers within the hydrophobic moiety, but in these cases the chirality is fixed and hard to vary. Because of the facile chiral induction in the linker region, in contrast, we could conveniently prepare three BTM stereoisomers for comparative evaluation with multiple membrane proteins. This comparison enabled us to find marked differences in their effects on membrane protein stabilization, depending on the detergent chirality. The important role of detergent stereochemistry in membrane protein study has been implicated by previous studies with α-DDM and β-DDM.^[@cit27]^ The stereochemistry of these detergents differs by only a single glycosidic bond and thus the overall architecture of these stereoisomers is very similar. In contrast, the BTM isomers bear variations in two chiral centers of the BT linker, resulting in significant changes in the relative orientation of two alkyl chains and molecular geometry. This variability is likely to account for the rather large difference in detergent efficacy observed for the BTMs. In addition, there has been little systematic analysis of the effect of detergent stereochemistry on membrane protein stability. More importantly, by interpreting the detergent stereo-chemical outcome in terms of detergent--detergent interactions in the micellar environment, the current study has provided the first insights into why a particular stereoisomer is superior to others at stabilizing the target membrane proteins.

We also varied the alkyl chain length from C9 to C11 in order to find the best detergent for each membrane protein system. In this variation, BTMs with C10 alkyl chain length were superior for LeuT while the C11 alkyl chain BTMs outperformed the shorter alkyl chain BTMs (BTM-C9s and BTM-C10s) for UapA and β~2~AR. Initially, we prepared and evaluated BTMs with a C9 or C10 alkyl chain, but all of these agents were inferior to DDM for β~2~AR and UapA stability. This result prompted us to prepare BTMs with a C11 alkyl chain. These C11 alkyl chain BTMs turned out to be superior to DDM for all four membrane proteins although these agents were slightly inferior to the C10 versions for LeuT. It is important to note that the dimensions of the detergent need to closely match the dimensions of the target membrane protein for protein stability. Thus, it is believed that there is an optimal range of detergent alkyl chain length that varies depending on the target membrane protein. The enhanced efficacy of BTM-C10s relative to BTM-C11s for LeuT suggests that the C10 alkyl chain length is a good match to the dimensions of this particular transporter. However, the computational approach showed that UapA, LeuT and MelB~St~ have comparable hydrophobic thickness (29--30.5 Å) whereas β~2~AR is slightly thicker (32 Å) (Table S1[†](#fn1){ref-type="fn"}).^[@cit28]^ This seemingly contradictory data indicates that other protein properties are also associated with the alkyl chain length optimal for protein stability. For instance, a long alkyl chain detergent would be more effective at preventing protein aggregation than a short alkyl chain agent while the opposite would be true for minimizing protein denaturation.^[@cit7d]^ Accordingly, the protein's tendency to aggregate/denature is likely to be another variable affecting optimal detergent alkyl chain length. The optimal alkyl chain length of a detergent for any given membrane protein is almost certainly determined by a combination of multiple factors. Detergent alkyl chain length is also related to hydrophile--lipophile balance (HLB), another important factor in determining protein stability.^[@cit29]^ Along with synthetic availability and water-solubility, therefore, multiple detergent properties should be considered when developing novel agents for membrane protein study. As M-BTM-C11 was significantly superior to DDM at stabilizing all targeted membrane proteins introduced here, such multiple properties appeared to be incorporated into the single BTM architecture, a difficult thing to achieve by molecular design.

Conclusions
===========

In conclusion, with variation of stereochemistry and alkyl chain length within the BTM architecture, we have identified M-BTM-C11 as displaying general utility for all four membrane proteins targeted in this study. Because of its convenient synthesis and enhanced efficacy toward multiple membrane proteins, this novel agent will find wide utility in future membrane protein research. Additionally, we have introduced an important detergent structure-property-efficacy relationship related to detergent stereochemistry, which has not been explored in detail by other researchers. Furthermore, our study indicates that an optimal detergent alkyl chain length necessary for protein stability is dependent upon multiple factors including the hydrophobic dimensions of the protein and potentially its tendency to aggregate/denature. Thus, our collective effort involving synthetic chemists, structural biologists and membrane protein scientists not only provides novel detergent tools useful for membrane protein study, but also reveals two important guidelines for future novel amphiphile design.
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